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the exchanged compounds is fast compared to their diffusion (Fig. 4f ). As the 99 diffusion constant does not vary significantly for small molecules such as amino acids 100 (D ΔtrpC /D ΔproC ~ 0.75), the interaction range is primarily modulated by the uptake rates 101 (r u ΔtrpC /r u ΔproC ~16). Our modeling framework can be adapted to estimate the 102 interaction range in other multi-genotype systems where the molecules mediating the 103 interactions are taken up or degraded by individuals. 104 105 Next, we considered how this small interaction range affects community dynamics. 106
Our communities show consistent dynamics: within about 25 hours all replicate 107 communities reach a steady state composition where the tryptophan auxotroph is in 108 minority (median fraction of total biomass = 0.23, Fig. 5a ). This is in line with the 109 growth dynamics that we measured at the single-cell level: to reach an equal growth 110 rate of e.g. 0.1 per hour, the tryptophan auxotrophs need ~90% of the complementary 111 partner within a small neighbourhood, while the proline auxotrophs need four times 112 less within a much larger neighbourhood (Fig. 3c ). The single cells' properties thus 113 determine the community steady state. 114 115 Does the small interaction range that we measured in our experimental system limit 116 the rate at which individual cells can grow? This question brings us back to our 117 central hypothesis, that short-range interactions limit the exchange of resources and 118 hinder collective metabolism. One would expect the individual cells in the multi-119 genotype system to grow faster if they would increase their mixing or their interaction 120 range. We tested these predictions by applying our model to experimentally observed 121 interactions generally harm mutualistic cross-feeding communities (14), although they 133
can have a stabilizing effect by preventing ecological invasion by non-contributing 134 mutants (15) . 135
136
The ecological and evolutionary outcome of cooperation and competition can change 137 dramatically when interactions are limited to the local neighbourhood (9, 16, 17) . 138
Quantifying the interaction range and linking it to biochemical parameters of the 139 system is therefore essential for understanding the functionality and dynamics of 140 microbial multi-genotype systems. We found that interaction ranges are small 141 whenever the uptake or degradation of the molecules mediating the interaction is fast 142 compared to their diffusion in the environment, and when the density of individuals is 143 high. We thus expect interactions to be local in dense microbial systems where cells 144 interact through the exchange of cellular building blocks, quorum sensing molecules 145 and metabolites that bind (18) or digest extracellular nutrients. Our work 146 demonstrates that the spatial arrangement of organisms can significantly impact the 147 functioning of microbial systems when the spatial scale of interaction is small. 148
Knowing at which scale organisms interact is crucial for understanding and 149 controlling natural communities, and for engineering microbial systems for desired 150 purposes. 151
Methods

Strains 152
All experiments were performed using strains derived from MG1655; these strains are 153
ΔtrpC-GFP (MG1655 trpC::frt, PR-sfGFP), ΔtrpC-RFP (MG1655 trpC::frt, PR-154 mCherry), ΔproC-GFP (MG1655 proC::frt, PR-sfGFP), and ΔproC-RFP (MG1655 155 proC::frt, PR-mCherry). The ΔtrpC strains are unable to produce proline due to a 156 deletion in proC, the ΔtrpC are unable to produce tryptophan due to a deletion in 157 trpC (19) . The auxotrophic strains were made by transferring the respective 158 kanamycin cassettes from the keio-collection (20) into TB204 and TB205 from the 159 lab strain collection using lambda Red mediated recombination (21). TB204 and 160
TB205 are E. coli MG1655 derivatives that constitutively express sfGFP or mCherry 161 under the PR promoter from the chromosome. In brief, the kanamycin cassette 162
including the homologous flanking regions were amplified by PCR from JW0377 163 The kanamycin cassette was transferred into a fresh strain of TB204 or TB205 using 171 P1 mediated generalized transduction. Upon successful transduction, the phenotypes 172 of the strains were confirmed (no growth without proline or tryptophan) and the 173 kanamycin cassettes removed from the genome using the FLP-recombinase from 174 plasmid pCP20(21). We confirmed the ability of our two auxotrophs to grow together 175 by receiving the amino acid they cannot produce from their partner, as reported in 176 previous work (19) . 177 178
Media and growth condition 179
Monocultures of the two auxotrophs strains were started from a single colony taken 180 from a LB-agar plate and were grown overnight at 37°C in a shaker incubator. The 181 cells were growing overnight in M9 medium (47.76 mM Na 2 HPO 4 , 22.04 mM 182 mM CaCl 2 , 0.2% glucose (all from Sigma-Aldrich), 50 µg/L of L-proline (434 mM) 184 and 20 µg/L L-tryptophan (98 mM) and 0.1% Tween-20 (added to facilitate loading 185 of cells in microfluidic device). Cells were loaded in stationary phase in a 186 microfluidic device and grown in the same media. After approximately 10 hours, cells 187 exit lag phase and started to fill the chambers. The medium was then switched to M9 188 medium + 0.2% glucose + 0.1% Tween-20 with no amino acids. The medium was fed 189 at a flow rate of 0.5 ml/h for the whole duration of experiment (approximately three 190 days). Imaging was started three hours before switching to this medium, to have a 191 control of the cell's growth with amino acids in the medium. 192
193
Microfluidic experiment 194
The microfluidic devices consisted of chambers of 60x60 µm and 0.76 µm in height 195 facing a feeding channel of 22 µm in height and 100 µm wide. Masks for 196 photolithography were ordered at Compugraphics (Jena, Germany). A two-step 197 photolithography was used to make SU8 molds on silicon wafers. 198
Polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer Kit, Dow Corning) 199 was mixed in a ratio of 1.5∶10 and poured on the dust-free wafer, degassed in a 200 desiccator for 30 minutes, and baked for around one hour at 80°C for curing. PDMS 201 chips of approximately 2 cm×3.5 cm were cut out around the structures on the wafer. 202
Holes for medium supply and outlet were punched (diameter of holes 1.2 mm). 203 PDMS chips were bound to round (50 mm diameter) glass coverslips (Menzel-Gläser, 204 Braunschweig, Germany) by treating them for 30 seconds at maximum power in a 205
Plasma Cleaner (PDC-32G-2, Harrik Plasma, New York, USA), and left on a heated 206 plate at 100°C for one minute for binding. Before an experiment, a small amount of 207 medium was flushed into the channels using a pipette to wet the chambers. Then air 208 was pushed through the main channel (medium remains in chambers). Cells in 209 stationary phase, from overnight culture (14 h approximately) were concentrated 210 approximately 100 times by centrifugation (5,000×g, 5 min.) and loaded into the chip 211 using a pipette. Cells where pushed in the side chambers with the help of small air 212 bubbles flowing through the main channel. Once a sufficient number of cells were 213 pushed inside the chambers, fresh medium was pumped through the flow channel. For 214 all experiments, syringe pumps (NE-300, NewEra Pump Systems) with 50 ml needles (0.9 mm×70 mm), which were directly inserted into the tubing. Smaller 218 tubing (Teflon, ID 0.3 mm, OD 0.76 mm, Fisher Scientific) was then inserted into the 219 bigger tubing and directly connected to the inlet holes in the PDMS chip. Medium 220 switches were performed by disconnecting the bigger tubing from the syringe and 221 reconnecting it to new syringes. All experiments were run at a flow rate of 0.5 ml/h. 222
The flow rate is high enough that amino acids do not accumulate in the feeding 223 channel and are not exchanged via the main channel. In fact no growth was observed 224
in chambers hosting only one of the two auxotrophs during the whole duration of the 225 experiment. 226
227
Microscopy 228
Time-lapse microscopy was done using fully automated Olympus IX81 inverted 229 microscopes (Olympus, Tokyo, Japan). Images were taken using a 100X NA1.3 oil 230 objective (Olympus) with 1.6X manual auxiliary magnification and an ORCA-flash 231 4.0 v2 sCMOS camera (Hamamatsu, Hamamatsu, Japan). Fluorescent imaging was 232 done using a X-Cite120 120 Watt high pressure metal halide arc lamp (Lumen 233 Dynamics, Mississauga, Canada) and Chroma 49000 series fluorescent filter sets 234 (N49002 for GFP and N49008 for RFP, Chroma, Bellows Falls, Vermont). Focus was 235 maintained using the Olympus Z-drift compensation system and the entire setup was 236 controlled with Olympus CellSens software. The sample was maintained at 37°C with 237 a microscope incubator (Life imaging services, Basel, Switzerland). Several positions 238 were imaged on the same microfluidic device and images were taken every ten 239 minutes. 240 colour after deconvolution; the algorithm was optimized to give the most accurate 252 estimation of the area occupied by cells of each type and not to segment the single 253 individuals. The 'segmentation of cells algorithm' identifies individual cells for 254 subsequent single cell growth estimation (elongation rate). In this case, cells were 255 segmented on the green or the red fluorescent image, according to their fluorescence 256 colour. Single cell location was tracked using an optical flow based algorithm 257 (described below) and the tracking was manually corrected to prevent mistakes. 
Correlation analysis 278
We quantified the composition of the neighbourhood of a focal cell as the fraction of 279 the other complementary partner present in that neighbourhood, e.g. in the case of the 280 tryptophan auxotroph we quantified the fraction ΔproC/(ΔproC+ΔtrpC). ΔtrpC and 281
ΔproC are the areas (in pixel) occupied by each auxotroph, therefore they are a 282 measurement of biomass and not of cell number. To calculate the fraction above, we 283 first identified biomass of the two types as described in the image analysis section; 284 then we calculated the area in pixel that each cell type occupies within increasing distances from the focal cell's perimeter. For a given distance, we plotted the fraction 286 (x-axis) against the growth rate (y-axis) for all cells and we calculated Spearman's 287 rank correlation coefficient (no assumption on the functional relationship between 288 variables). The correlation coefficient is maximal at a specific distance, which we call 289 interaction range. We use linear regression to characterize the relationship between 290 the growth rate of the cells and the fraction of the amino acid producing partner 291 present within the estimated interaction range. For figure 3a , the correlation is 292 calculated as Spearman ρ on 2,610 data points for proline auxotrophs and 2,162 for 293 tryptophan auxotrophs, both from four biological replicates. The same correlation 294 analysis performed when cells are fed amino acids shows that growth does not depend 295 on the neighbours when amino acids are present in the medium (see Supplementary  296 Data). 297
298
Individual-based model 299
We consider two cell types living on a on a 40x40 squared grid: Type A can only 300 produce amino acid 1 while Type B can only produce amino acid 2. The growth of 301 type A is thus limited by the supply of amino acid 2 leaked by type B cells and vice 302 versa. We make the following assumptions: g) The ratio between the volume inside a cell and the available volume outside of a 319 cell is constant and equal to = /(1 − ) . 320
With these assumptions, we can write the following equations for the internal 321 concentration of amino acids for a cell of type A -which produces amino acid 1, and 322 not amino acid 2: 323
and for type B -which produces amino acid 2 and not 1: 326
The external concentration of each amino acid is: 329 
Cellular automaton 339
The cellular automaton models a system of two or more types of organisms that live 340 on a grid and benefit from the presence of the other types. The model rests on two 341 assumptions: 1) individuals place offspring close to themselves; 2) reproductive success of individuals depends on the fraction of neighbours of the other type within 343 the interaction range, the sole parameter in the model. 344
An operative description of the cellular automaton follows: individuals live in space, 345 each occupying a site on a 40x40 grid; each site has 8 adjacent sites on the grid 346 (Moore neighbourhood) and boundary condition wrap the grid into a Torus. For the 347 two type communities, there are individuals of types 0 and 1. At every time step an 348 individual dies at a random location on the grid and it is replaced with an individual 349 of type 0 or 1. It will be of type 0 with probability P(0): 350 
Dataset and statistical analysis 375
The dataset consists of 15,475 cells, from 61 communities, grouped into ten biological 376 replicates including both fluorescent label combinations. Four biological replicates 377
were done with ΔtrpC-GFP and ΔproC-RFP (consortium 1) and six were done with 378
ΔtrpC-RFP and ΔproC-GFP (consortium 2). Each biological replicate corresponds to 379 one channel in a microfluidic chip and for each channel on average 6 chambers were 380 analyzed (range: 3-9). Inside each chamber, on average 250 cells were tracked in time 381 (see Image Analysis section). The experiments were performed in three different 382 weeks (different microfluidic chips and different batch of media). The interaction 383 range and relation between growth and neighborhood were estimated separately for 384 consortium 1 and 2. The interaction ranges are consistent for the two consortia ( identical to those in Fig. 3a ). c The predicted and experimentally measured growth 502 rates are strongly correlated. We grouped cells based on the fraction of the 503 complementary partner in their interaction range and for each group we compared the 504 measured growth rate (x-axis, same data as Fig. 3c-3d ) to the predicted growth rates 505 (y-axis). Each symbol represents a single group. d For a symmetric arrangement with 506 a straight interface between the two types, we can analytically calculate the range 507 (shown in grey) in which the cellular growth rate is at least half of the maximal 508 growth rate observed at the interface; we call this range the growth range. The growth 509 range can be calculated from biochemical parameters. e The interaction range is 510
proportional to the growth range. When we decrease, in the model, the rate at which 511 cells take up amino acids, the growth range and the interaction range increase; circles 512
show combinations of growth range and interaction ranges for different values of the 513 uptake rate of amino acids. f Growth range as a function of leakage and uptake rate 514 in the back of the chamber. b Randomizing community arrangements leads to higher 521 mixing and higher predicted average growth rates (n randomization = 20, p<10 -5 , 522 paired t-test, n=22); c The model predicts an increase in the average growth rate when 523 the interaction range increases (as a consequence of a decrease in the uptake rate). 524
When the uptake rate is very low and the interaction range therefore very large, amino 525 acids diffuse out of the chamber and the growth rate decreases. Figure S3a) ; we analysed these synthetic datasets in the 539 same way as our empirical dataset ( Figure S3b and S3c). The results confirmed that 540 the interaction range of each type, i.e. the location of the correlation peak in Figure   541 3a, is robust to changes in patch size ( Figure S3d ). In particular, we can show that the 542 location of the peak does not change more than 30% for a range of patch sizes which are 543 typically observed in the data (visual inspection). This result supports that our analysis A more refined model including a growth cost could improve the estimation of growth 555 rates; we keep this for future studies. 556 1.4. Tradeoff in uptake rates of amino acids. High uptake rates of metabolites like 557 amino acids seem advantageous for the growth of individual cells, however they are 558 not for the whole community: high uptake rates hinder metabolic exchange between 559 different genotypes and thus reduce overall growth. Our simulations (Fig. 5c) show that 560 the average growth of the two auxotrophs increases when the interaction range increases 561 (by lowering the uptake rates of amino acids). However, there is a tradeoff: when uptake 562 rates are too low, the average growth of the auxotrophs decreases because amino acid 563 diffuse out of the chamber (Fig. 5c ). We can show that in closed systems, where amino 564 acids cannot diffuse away, growth does not decrease ( Fig S4) 
We can reduce the number of parameters by rescaling units as follows: • space is measured in units of cell size: ∆x.
584
This gives the following equations:
Where:
In the remainder of this text we will omit the hats: all variables and parameters always 586 refer to the rescaled ones. 587 588 28 2.2. Steady state equations. We want to obtain the steady state concentration E i (x, y) 589 and I i (x, y) on every site (x, y) of the grid. Setting equation 7 or 8 to steady state and 590 rewriting gives:
Which we can solve to get the internal concentration of the amino acid each cell cannot 592 produce as function of the external concentration of that amino acid:
The internal concentration of the produced amino acid is kept constant (equations 6 594 and 9):
Setting equation 10 to steady state gives:
where I i (E i ) is given by equation 12 for grid sites where amino acid i is produced and 597 by equation 11 otherwise. If we describe the spatial arrangement of the two cell types 598 with the function T (x, y):
then the external concentration of the two amino acid on each grid site is the solution of 600 the equations:
After solving for E i (x, y) we can obtain the growth profile µ(x, y): conditions to represents the solid wall of the growth chamber. We solved equations 15 606 and 16 by discretizing them using a second order finite difference scheme and solving 607 them using a successive over-relaxation solver. To ensure numerical stability, we imple-608 mented a grid-refinement procedure: we first solved the equations on the 40x40 grid and 609 then we iterated on refined grids (successively doubling the number of grid points in 610 each dimension); we used the solution of the previous iteration as the initial state for the 611 successive refined grid. The solution on the refined grid was downsampled to the 40x40 612 grid to calculate the growth rate for each cell and we continued this procedure until the 613 maximum per cell change in growth rate was less than 1%. All code was implemented 614 in Matlab. 615 2.4. Analytical limits. We derived several analytical approximations to understand the 616 effect of each parameter, which we summarize in subsection 2.5. Here we will consider 617 a single cell type at a time and follow the internal, I L , and external, E L , concentration 30 of the limiting amino-acid only:
Where r u , r l , and D ef f always refer to the uptake, leakage, and effective diffusion 620 constant of the growth limiting amino acid. It is useful to rewrite these equation in 621 terms of ϵ = r u +r l r l E L :
2.4.1. Limiting amino acid at steady state. Setting the time derivatives to zero and 623 solving 21 for I L gives: substituting ϵ max for ϵ in eq. 23 we find:
This is the growth rate of a single auxotrophs surrounded by a large number of amino 631 acid producing partners. We can simplify this expression if we make the following two 632 assumptions: 633 producing) cell can grow nearly as fast in the absence of amino acids (µ = I C 1+I C ) as in 635 the presence of amino acids (µ = 1). We verified experimentally that this assumption 636 holds.
637
Assumption 2.4.2. r l ≪ 1. Biologically this means that in wild type cells the decrease in 638 the concentration of limiting amino acid due to leakage (with rate r l ) is small compared 639 to the decrease due to growth (with rate 1). 640 With these assumptions the growth rate of an auxotroph surrounded by the producing 641 partner (eq. 25) simplifies to:
2.4.3. Estimating leakage rates. In this subsection we show how we estimated the leakage 643 rates from the maximum empirical growth rates of the auxotrophs. In the limit of r l ≪ 1 644 and I C ≫ 1, the maximum growth rate (equations 26) depends on the product I C · r l , 645 and not on the two parameters separately. Both parameters are unknown but we expect 646 I C ≫ 1 (assumption 2.4.1), which we arbitrarily set to 20 (µ producer = 0.95). With this, 647 we can estimate the leakage rates r l for each amino acid from µ max of the corresponding 648 auxotroph. Note that our result are robust to changes in value assigned to I C as long as it 649 is larger then one (we confirmed that our simulations depend only on the product I C · r l 650 as long as r l ≪ 1 and I C ≫ 1). The maximum empirical growth rate µ max is estimated 651 for each auxotroph by performing a linear regression between the auxotroph's growth 652 rate and the fraction of the producing partner within the interaction range ( Fig. 3c-d) ; 653 the maximum growth rate is the value extrapolated when the fraction is equal to one. 654 We use linear regression because it is less sensitive to measurement noise than using the 655 maximal observed growth rate, and because very few cells are found surrounded by the 656 producing partner because of kin clustering. 657 2.4.4. Analytical expression for the growth range. In this subsection we show how we 658 calculated the growth range, a quantity proportional to the interaction range measured 659 experimentally (Fig.4e) , from the parameters of the model. Let us consider a symmetric 660 spatial arrangement of types (Fig.4b) , with all cells located at x < 0 producing the amino 661 acid that cells at x > 0 require for their growth, and vice versa. This arrangement reduces 662 the problem to one dimension and we can analytically calculate the cells' growth rates 663 (we will do that for x > 0). 664 We can find the external amino acid concentration by solving equation 22 at steady 665 state, where the internal concentration is I = I C for x < 0 and I = I L (ϵ) for x > 0:
where I L (ϵ) is given by equation 23 and
For x > 0 the analytical solution cannot be found due to the non-linear term 667
where we have simplified equation 23 using assumption 2.4.2 (r l ≪ 1). However it is The full solution is thus given by:
We can solve for C 1 and C 2 imposing continuity of concentration and flux at the interface:
From which we find that C 1 = − I C 2 and C 2 = I C 2 . Thus the external concentration is 677 given by:
Thus within the consumer region the amino acid concentration (E = r l r u +r l ϵ) decreases 679 exponentially with scale factor r 0 . 680 We are now interested in finding an analytical approximation for the growth range 681 (GR), which is the distance from the interface where cells have 50% of the growth rate 682 they have at the interface:
Where I L (x) ≡ I L (ϵ(x)) is given by eq. 28. Substituting ϵ(x) = I C 2 e −GR/r 0 gives:
1) 2 (r l ) 2 + 2r l I C Which we can solve for GR to find:
and we can further simplify using assumption 2.4.1 (I C ≫ 1) to find: Figure S6b shows the error of our analytical approximation of the growth range. As 687 long as the growth range is smaller than 20, our simulations match the analytical result 688 very well. As the growth range approaches 20 (Fig. S6a , this is same heat map as Fig   689   4f ), the relative error increases because of the finite size (40x40) of the chamber in our 690 simulations; more specifically, the no-flux boundary conditions lead to overestimation 691 of the growth range in the simulations compared to the analytical model. 
We can make some observations: 696 • The maximum growth rate does not depend on the uptake rate of amino acids 697 but only on the leakage rate. 698 • The growth range depends strongly (square-root) on the uptake rate and the 699 diffusion constant and weakly (logarithmic) on the leakage rate. as follows: we ran our model on experimentally observed spatial arrangements after 710 downscaling the segmented images to a 40x40 grid. We used the model predicted growth 711 rates and repeated the correlation analysis described in Methods to extract the predicted 712 interaction range. Figure 4e (proportionality between growth range and interaction range) 713 is made by changing the uptake of the amino acids and keeping all other parameters fixed 714 (see Table S1 ). 
